The basic molecular mechanisms that govern the search for DNA homology and subsequent homologous pairing during genetic recombination are not understood. RecA is the central homologous recombination protein of Escherichia coli; because several RecA homologues have been identified in eukaryotic cells, it is likely that the mechanisms employed by RecA are conserved throughout evolution. Analysis of the kinetics of the homologous search and pairing reactions catalyzed by RecA should therefore provide insights of general relevance into the mechanisms by which macromolecules locate, and interact with, specific DNA targets. Results: RecA forms three-stranded synaptic complexes with a single-stranded oligonucleotide and a homologous region in duplex DNA. The kinetics of this initial pairing reaction were characterized using duplex DNA molecules of various concentrations and complexities containing a single target site, as well as various concentrations of homologous single-stranded oligonucleotides. The formation of the synaptic complex follows apparent secondorder reaction kinetics with a rate proportional to the concentrations of both the homologous single-stranded oligonucleotide and the target sites within the duplex DNA. The reaction rate is independent of the complexity of duplex DNA in the reaction. We propose a kinetic scheme in which the RecA-single-stranded DNA filament interacts with duplex DNA and locates its target in a relatively fast reaction. We also suggest that complex conformational changes occur during the subsequent ratelimiting step. Conclusions: We conclude that, during the formation of synaptic complexes by RecA, the search for homology is not rate-limiting, and that the iteration frequency of the search is around 102-103 s -1 . This value agrees well with what has been calculated as the minimum number for such a frequency in genome-wide searches, and limits the possible structures involved in the search for homology to those involving very soft (low energy) interactions. Furthermore, from the order of the reaction at the DNA concentrations found in eukaryotic nuclei, and the rate constant of the overall reaction, we predict that the search for homology is also not the rate-limiting step in the genome-wide searches implicated in meiosis and in gene targeting.
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Background
Although meiosis and genetic recombination have been studied since the beginning of this century, there is still some uncertainty as to whether the homology-dependent DNA-DNA interactions that are the hallmark of homologous recombination precede or follow chromosome pairing (reviewed in [1] [2] [3] [4] ). One extreme view, for example, is that the strict alignment of homologous DNA that precedes recombination is only possible in the limited context of chromosomes that are already closely apposed. A related issue is whether the search for homology is rate-limiting during homologous recombination between an introduced fragment of DNA and a host genome (gene targeting) [5] [6] [7] .
In both of these situations, a fundamental question is whether genome-wide searches occur, a question that can be addressed at several different levels [8] [9] [10] . At the biochemical level, the question may be phrased thus: are there homologous recombination proteins that are sufficiently efficient to carry out such genome-wide searches? And if there are, what is their mechanism of action? In this paper we address the question of whether RecA, the central homologous recombination protein of Esdcerichia coli (for review see [11] [12] ), is such a protein.
In vitro, RecA catalyzes a strand-exchange reaction whereby a single-stranded DNA molecule coated by RecA pairs with a homologous region in duplex DNA and subsequently displaces, or is exchanged with, the strand of identical sequence [2] . This in vitro activity is believed to mimic RecA's recombination activity in vivo. As strand-exchange activity has been documented for other prokaryotic RecA proteins [13] [14] [15] [16] , and at least one of several eukaryotic RecA homologues (the RAD51 protein of Sacclaromyces cerevisiae [17] ), it is likely that the mechanism describing the homology search employed by RecA will be common to many systems. This may include the synapsis promoted by proteins that are not clearly homologous to RecA [18, 19] . Fig. 1 . Synaptic complex assay. Reactions were carried out as described previously 20], and in Materials and methods. Briefly, RecA, duplex DNA and a single-stranded oligonucleotide homologous to a region of the duplex DNA spanning a particular restriction endonuclease site were incubated together at 37 C. Synaptic complexes, containing three DNA strands and RecA protein, form specifically at the region of DNA homology, protecting the duplex from restriction endonuclease digestion. Synaptic complexes are detected by the appearance of restriction-endonuclease-resistant duplex DNA.
the concentration of single-stranded oligonucleotide is in vast excess over that of target sequences -RecA is capable of targeting an oligonucleotide to a unique site in the human genome in vitro [21] . The formation of such synaptic complexes by RecA does not require an exogenous energy source as these reactions were carried out in the presence of ATPyS, a slowly hydrolyzable analogue of ATP. This is consistent with previous reports, which showed that pairing and strand exchange catalyzed by RecA do not require ATP hydrolysis [22] [23] [24] .
In this paper, we formally evaluate the kinetics of this homology search. The kinetic order of this reaction reveals which substrates are important; for example, whether the reaction rate depends on the concentrations of the searching DNA, the target DNA or both. Previous attempts to determine the kinetic order of a RecA-mediated pairing reaction required the formation of stable joint molecules or complete strand-exchange products [25] [26] [27] [28] [29] and were most likely complicated by multiple initiations from the large single-stranded and duplex DNA molecules that were used. Those earlier studies therefore led to erroneous conclusions about the substrates that determined the reaction rate. All agreed, however, that under certain conditions, the reaction followed Michaelis-Menten type kinetics, in which the rate-limiting step is the conversion to product.
The model system employed here allows the detection of pairing between short homologous regions, so that multiple initiations are minimized as conditions favoring single initiation are approached. Our experiments also address the effect of adding large excesses of nonhomologous duplex DNA on the pairing reaction, a situation similar to that encountered in vivo, where there is generally a single target for recombination surrounded by a vast excess of heterologous duplex DNA. Again, this manipulation was not possible with the earlier experimental design; in fact, previous experiments designed to examine the effects of heterologous DNA gave contradictory results [26, 29] .
The small size of the substrates used in the experiments reported here allows the size and complexity of the target-containing duplex DNA molecules to be varied over several orders of magnitude, in order to evaluate some of the kinetic constants of the homologous search and pairing reactions. We show how the magnitudes of such constants can provide some important new insights into the biochemistry and biology of the genome-wide search that is a prelude to homologous recombination. These experiments lay the groundwork for future studies designed to elucidate the mechanism of homology searches under more physiological conditions, such as in nuclei or on target-containing duplex molecules where the complexity, sequence and accessibility is varied. Understanding these reactions is an important step towards elucidating the mechanism of homologous recombination, and is integral for the rational design of gene-targeting experiments, which exploit the cell's natural capacity to carry out homologous recombination.
Results
Synaptic-complex formation follows apparent second-order reaction kinetics
The formation of synaptic complexes was monitored over time using pUC19 plasmid as the target-containing duplex (Fig. 1) . The kinetic order of the synapticcomplex reaction was determined by independently varying the concentrations of the filament and duplex DNA target sites (note that the order of the reaction reflects the number of reactants that affect the rate [30] , but does not predict the rate-limiting step of the reaction; see below). An example of a time course for synaptic-complex formation, using pUC19 plasmid and three concentrations of an oligonucleotide (h24) homologous to a region spanning the EcoRI site of pUC19, is shown in Figure 2a . Averaged data showing the amount of synaptic complex formed over time, with the indicated concentrations of oligonucleotide h24, are shown in Figure 2b . The results were independent of the method of plasmid preparation. Similar time courses also were generated for synaptic-complex formation between radiolabeled 57 base-pair (bp) duplex oligonucleotides (NDS or NDJY; see Materials and methods) and homologous single-stranded oligonucleotides (n27 and jy27, respectively) spanning an EcoRI site within the duplex substrates (data not shown).
The rate of complex formation in these experiments was not affected by the addition of excess RecA, or by preincubating RecA with the single-stranded oligonucleotide for 5-20 minutes (data not shown), indicating that the rate of synaptic-complex formation is not affected by the formation of complete nucleoprotein filaments (data not shown). The total concentration of single-stranded DNA in the reactions was kept constant, while the concentration of the homologous single-stranded oligonucleotide was varied, by the addition of nonhomologous singlestranded oligonucleotide (see Materials and methods); this ensured that the single-stranded DNA was saturated by RecA protein and avoided protection against restriction endonuclease digestion by free RecA bound nonspecifically to duplex DNA.
The rate of synaptic-complex formation depends on the concentrations of both the single-stranded oligonucleotide and the duplex DNA target sites. Figure 3a shows a pseudo-first-order log plot of the rate of synaptic-complex formation as a function of the NDS duplex DNA target-site concentrations at a given concentration of n27 single-stranded oligonucleotide (3.4 x 10-8 M). The best-fit line through this data yields a slope of 0.9, very close to the value of 1 expected for a rate which is strictly proportional to the DNA concentration. The reaction rate also shows a linear dependence on the concentration of single-stranded DNA in the reaction ( Fig. 3b; shown for 3.3 nM duplex DNA target sites). When a line is fit to this data, however, the slope is 0.6, slightly less than directly proportional (see Discussion).
Rates cannot be compared over a larger data set, as the concentration of the other substrate would have to be varied in order to measure linear reaction rates. In any case, the rates of synaptic-complex formation are dependent on the concentrations of two substrates, suggesting that the reaction follows second-order kinetics. rate of formation of the presynaptic filament. Reactions in which limiting amounts of RecA were presentconditions where the single-stranded oligonucleotide is not completely occupied by RecA -resulted in a slower rate of complex formation, as well as in a decrease in the total amount of complex formed. This result suggests that optimal synaptic-complex formation depends on the We therefore determined the rate constants for a large range of target duplex and single-stranded DNA concentrations (Table la) , using the second-order kinetic equation [30] . In these experiments, as well as in experiments in which the duplex DNA exhibited significant differences in complexity, reaction rates varied by over 7 x 105-fold, whereas rate constants varied by less than 22-fold, suggesting that synaptic-complex formation follows apparent second-order reaction kinetics (see Tables 1 and  2 ). The variation in rate constants may be due to sequence and topology effects (see below), to inhibition by excess nucleoprotein filament (for a more mechanistic explanation, see Discussion), or it may reflect deviations from true second-order kinetics over such a large concentration range, possibly due to facilitated diffusion effects (see Discussion). The small variation in the rate constants over such a large concentration range strongly supports a second-order reaction mechanism and has profound implications for understanding the genome-wide searches which occur in vivo (see Discussion).
Importantly, the data also show that an increase of over 40-fold in the complexity of the nonspecific duplex DNA -that is, in the plasmid versus the short duplexdoes not lead to a decrease in the apparent second-order rate constant. This suggests that the rate of the reaction is not affected by the complexity of the duplex DNA. Heterologous duplex DNA does not affect the rate of synaptic-complex formation To investigate directly the effect of heterologous DNA on the rate of synaptic-complex formation, the assay was carried out using E. coli genomic DNA as the duplex DNA bearing the target. Targeting a single site in the E. coli genome represents a greater than 1000-fold increase in complexity over targeting a site in the pUC19 plasmid. Synaptic complexes were formed using the homologous single-stranded oligonucleotide EC#25 to protect a particular EcoRI site. After digestion with EcoRI, a 658 bp restriction fragment was detected by Southern hybridization (Fig. 4) . In the presence of synaptic complex, one EcoRI site was protected from cleavage so that a 2.7 kb fragment was detected. The appearance of the protected fragment was measured over time using three concentrations of EC#25 oligonucleotide. Synapticcomplex formation was also measured using a substrate, pUCEC25, in which 140 bp of the E. coli sequence spanning the EcoRI site was cloned into pUC19.
The rate constants for synaptic-complex formation in pUCEC25 were in the range 1-3 x 104 M-1 s-l; in the E. coli genome, at the identical sequence, the apparent second-order rate constants were only about an order of magnitude lower (2-8 x 103 M -l s -l , Table lb), despite the increase in duplex complexity of over 1000-fold. Moreover, when synaptic-complex formation was determined using linearized pUCEC25 plasmid as the targetcontaining duplex, the rate constants were nearly identical to those determined at the identical sequence in the E. coli genome, supporting the conclusion that nonhomologous duplex DNA does not significantly affect the rate of synaptic-complex formation.
Synaptic-complex formation follows a two-step mechanism that exhibits saturation kinetics Our observations that the formation of synaptic complexes follows second-order kinetics and that nonspecific interactions with heterologous DNA do not affect the rate suggest a two-step mechanism, similar to that Fig. 3 . The rate of synaptic-complex formation is proportional to the concentrations of the duplex DNA target sites and the homologous single-stranded DNA in the reaction. the rates for synaptic-complex formation were determined from the average of the individual experimental rates calculated from the slopes of the linear part of the time courses using the indicated DNA concentrations, and plotted on a log scale against (a) the concentration of the duplex DNA target site, using the 57 bp oligonucleotide NDS or NDJY as duplex and 34 nM n27 or jy27, respectively, as the homologous singlestranded DNA; or (b) the concentration of single-stranded DNA using the homologous single-stranded DNA oligonucleotide h24 and 3. previously proposed to describe more complex RecAcatalyzed reactions [26, 28, 29] . At a minimum, three rate constants define such a scheme: kp, a bimolecular rate constant governing the search and pairing of the nucleoprotein filament (RecA-S) on the duplex DNA (D) to form the intermediate initial pairing complex (RecA.S.D), and k_p and k, two unimolecular rate constants defining the rates of dissociation of the initial Fig. 4 . Synaptic-complex formation in the E. coli genome. The assays were carried out as described in Materials and methods, using the indicated concentrations of homologous oligonucleotide EC#25 and nonhomologous oligonucleotide r24 to give a total single-stranded DNA oligonucleotide concentration of 38 nM. E. coli genomic DNA (150 ng per lane) was transferred to nylon filters and Southern hybridization was carried out using a a radiolabeled probe specific for a 700 bp EcoRI fragment. Synaptic-complex formation protects one EcoRI restriction site, so that the detected fragment is 2.7 kb.
In other words, the reaction has overall second-order kinetics, defined by an apparent second-order rate constant, k 2 = k/K , where K-p is k p/k , an equilibrium constant (dissociation constant) for the pairing reaction [31] . In such a situation, the intermediate has attained an equilibrium (pre-equilibrium) with the reactants. This condition is similar to the situation where RNA polymerase finds its promoter sequence in a relatively fast reaction forming a closed complex, but the conversion to an open complex competent for transcription initiation is rate limiting [32, 33] . The steady-state approximation can be applied experimentally when little product is formed and the concentration of the initial pairing complex is unchanged over time.
pairing complex and the formation of the synaptic complex (RecA.T), respectively. That is:
In such a formulation, it then follows that, if formation of the synaptic complex is much slower than dissociation of the initial pairing complex -k 1 << k_p -and the intermediate is in a steady state, the formation of synaptic complex is described by:
Such two-step schemes are formally equivalent to Michaelis-Menten kinetics [31, 34] , and should show saturation kinetics under pseudo-first-order conditions where the duplex target concentration is increased and the amount of product formed is low. High target-site concentrations were achieved using radiolabeled 57 bp duplex substrates (NDS or NDJY). The data obtained from time courses of synaptic-complex formation using duplex DNA target concentrations up to 230 nM are shown in Table 2 . Reaction rates were determined using the amount of synaptic complex formed at 15 minutes, as synaptic-complex formation was not linear for most of the time course. Second-order rate constants on the order of 103 M -1 s -1 were calculated for the concentrations used.
The analysis of saturation kinetics is usually carried out using a constant enzyme concentration. In this case, the only way to measure complex formation over a large range of duplex DNA target-site concentrations was to use different concentrations of homologous singlestranded DNA, which also affects the reaction rate. We therefore normalized the determined rates for what is effectively the enzyme concentration by dividing by the homologous single-stranded DNA concentrations. The normalized rates were plotted against the target-site concentrations; the resulting curve, which plateaus at high target duplex concentrations, indicates saturation kinetics (Fig. 5) . (Tables 1 and 2 ). The value of the rate constant kl can also be verified independently and directly from the data under saturating target-site conditions, where k 1 = rate/[single-stranded DNA] [34] . Using the data presented in Table 2 , k values of 2-4 x 10-4 s -are obtained, which are in good agreement with the k I value determined from the saturation curve (Fig. 5 ).
Discussion
The results reported in this paper show that, in the presence of sufficient RecA protein, the rate at which a homologous target is found exhibits second-order kinetics and depends on the concentrations of single-stranded DNA and duplex DNA target sites. That is, for a given target concentration, the rate at which a specific complex forms is the same whether the target sequence is part of a short [34] , and the values were determined from transformations of this curve using the Enzyme Kinetics program (Trinity Software). Error bars represent standard error determined from the averaged rate data. Inset shows the curve fit for the rate of formation of the synaptic complex with the lower concentrations of duplex target.
duplex or is embedded in a complex genome, such as the human genome. In this last case there is approximately a 10 9 -fold excess of nonspecific to specific sites, so the search through nonspecific sites must be extremely fast. We discuss below the biochemical implications of these findings, and argue that in most biological scenarios the search for homology must be very fast compared to other processes, such as chromosome movements or the uptake of DNA. Our results also show that the stable synaptic complex is formed in a process that most likely involves a minimum of two steps: a fast-searching step and a much slower step, in which the stable complex is formed.
The reaction order that we have determined for the RecA-catalyzed synaptic-complex formation differs from that determined earlier for the strand-exchange reaction [26] [27] [28] [29] . The authors of these earlier papers presented a similar formulation for the overall strand-exchange reaction (a reaction that includes synaptic-complex formation plus later steps), but concluded that RecA-promoted strand exchange followed first-order kinetics with a rate independent of the concentration of the duplex DNA target sites. These earlier experiments were most likely complicated by multiple initiations from the large DNA molecules used. That multiple initiations are possible is consistent with previously reported data showing that strand exchange can initiate from the ends or from internal sites of single-stranded DNA [28] . The effect of multiple initiations would be to increase significantly the actual concentration of the duplex DNA target site, which would be saturating for duplex DNA, so that the reaction would appear first-order with respect to homologous single-stranded DNA. It is also possible that the use of different reaction conditions, or higher kinetic complexity (because several more steps of the RecA-promoted pathway were investigated) are responsible for the discrepancies. We feel that only by use of a simpler system such as the one described here, in which multiple initiations are minimized, is it possible to dissect the steadystate kinetics of the search for homology by RecA.
The previous studies have also given contradictory results regarding the effects of adding heterologous duplex DNA on other RecA-promoted reactions: it either had no effect [26] , or it increased the rate ofjoint-molecule formation [29] . Some of the earlier work suggests, as do we, that the search for homology is not rate-limiting [26, 29] ; however other work reports that the search is the ratelimiting step [27] . In none of the earlier experiments was the concentration of the duplex DNA target site varied over several orders of magnitude in order to address the role of target-site concentration on the reaction order and to determine the rate-limiting step. It is important to note that the complexity of DNA in the experiments reported here has been varied over 10 5 -10 6 -fold without a significant affect on the rate constants.
The values of the rate constants inferred from our data provide some insights into the mechanisms involved in the homology search and initial pairing. The speed of the 4( search implies that both kp and k , the ratio of which is equal to Kp (100 nM), are large. f we assume that k is at least as fast as diffusionthat is, around 109-100°M -s--then k is at least 102-103 s -1
. We have previously estimated that k p might have a minimum value around 103 s -l [2] , which holds for many organisms, from bacteria to mammals, because the time available for pairing generally increases as genomic complexity increases. The rate constant kp is a measure of the off-rate and defines the iteration frequency during the search. Such a fast off-rate implies that the initial pairing complex is quite unstable and must involve very soft interactions [34] ; this in turn delimits the possible range of structures that can be invoked between the nucleoprotein filament and duplex during the search to those involving only a few noncovalent interactions with energies equivalent to those of hydrogen bonds. This also implies that it is very likely that the homology search is mediated between an unstacked single-stranded DNA and a minimally disturbed duplex, that is, a duplex that is neither melted nor unstacked [2, 35] .
In contrast to what we have proposed for k_p, because kl is slow (-4 x 10 -4 s ) [33] , we propose that this step involves complex energy-costing conformational changes, possibly resembling a model first suggested by HowardFlanders et al. [35] . This is not surprising because the duplex DNA must be distorted at the homologous region to align with, and be taken up by, the nucleoprotein filament, in which the single-stranded DNA is extended 1.5-fold in length [36] . These conformational changes may involve breaking of protein-protein, protein-DNA and/or DNA-DNA contacts such as base-stacking interactions. It is interesting to note that this extended filament structure has been conserved throughout evolution, and is seen in nucleoprotein filaments made by the yeast RAD51 protein, a RecA protein homologue [37] . This structural similarity certainly suggests that the searching mechanism employed by the RecA-DNA filament may also be conserved. Different sequences and DNA topologies give different rates for synaptic-complex formation (compare the results with pUC 19, pUCEC25 and linearized pUCEC25). Rate constants for complex formation determined with supercoiled DNA are approximately 10-fold greater than those with the identical sequence on linearized DNA (Table lb, pUCEC25 data). This is due to the increased stability afforded by supercoiled DNA (VM. Malkov and R.D.C-O., unpublished observations). Only direct measurements of k 1 and K p [33] will, however, allow a teasing-out of the effects of conformation, sequence and supercoiling on synaptic-complex formation. We are currently in the process of designing new assays to make these measurements.
We should point out two possible limitations of this model system. Firstly, the amount of complex formed during the 8 minute restriction digest is not accurately measured. This time is required to achieve complete digestion of the DNA, and longer times of digestion do not affect the amount of complex detected. Although this may affect the absolute amount of complex formed at each time point, the slope of the line generated from the time courses of synaptic-complex formation is minimally changed, so the rates of complex formation are not significantly affected. Secondly, it is technically difficult to measure the rates of synaptic-complex formation in more complex genomic DNA, such as human DNA, because the reaction becomes limited by the amount of DNA that can be completely digested by restriction enzyme or methylated by methylase [21] in a short time period. We are, therefore, working on techniques that will allow the direct visualization of synaptic complexes, independent of a second enzymatic reaction.
In the meantime, extrapolations can be made from data previously reported for synaptic-complex formation in HeLa cell genomic DNA [21] . In this case, a kinetic analysis was not carried out, but the amount of synaptic complex formed at a unique sequence in 15 minutes using 120 tg ml-HeLa cell genomic DNA and 3 ltg ml-single-stranded oligonucleotide was reported (this value may underestimate the true rate as the synaptic complexes were maximally formed by 15 minutes). This information allows us to calculate a second-order rate constant, which is around 4.7 x 103 M-1 s -1 . This value is similar to the other rate constants determined above, and suggests that this mechanism may be at work even in genomes of great complexity.
Our knowledge of the order of the reaction and the magnitude of the relevant rate constants allows us to estimate the time required for genome-wide searches in vivo. Rate constants of around 103-104 are conceivably fast enough to account for homologous pairing in a meiotic nucleus, assuming that the eukaryotic machinery has evolved to be at least as efficient as RecA in vitro. The human meiotic nucleus contains -105 1lg DNA per ml (estimated for an average nucleus of 5 alm diameter [38] ), and the concentration of single-stranded DNA can be estimated at 1.5 x 10-2 1lg ml-I (from determinations of single-stranded DNA lengths due to resection of doublestrand DNA breaks in yeast [39] ). Comparing these concentrations with those in the experiment using HeLa cell genomic DNA shows that synaptic-complex formation may proceed four times faster in the human nucleus than in the test tube, and thus be completed in a few minutes. As human meiosis takes days to complete, this indicates that a RecA-like mechanism is sufficiently robust to carry out the genome-wide searches which may precede meiotic chromosome pairing.
Genetic and cytological evidence strongly suggests that the eukaryotic RecA homologues DMC1 and RAD51 are directly involved in the chromosomal-pairing processes which precede meiotic recombination [40] [41] [42] [43] . One can show that comparable concentrations, and consequently times, are probably involved in finding a target in gene-targeting experiments in mammalian cells. However, it should be pointed out that, although proteins are probably not rate-limiting for biological processes such as pairing during meiosis, they may become limiting under the somewhat artificial conditions where DNA is introduced into somatic cells.
In the preceding estimates, complications which may arise due to chromatin accessibility or excluded volume are difficult to estimate and have been ignored. For example, it has been shown that bound nucleosomes prevent the RecA-catalyzed strand-exchange reaction [44] , but, at least in meiotic yeast, recombination hot spots map to regions of active chromatin, which is relatively deficient in nucleosomes [45] . Moreover, nucleosomebound DNA may be inaccessible to nonspecific binding by the searching moiety, thereby enhancing the amount of recombination by lowering the actual concentration of nonspecific binding sites (see below). Thus, chromatin could act to direct and enhance recombination events by both limiting accessibility and decreasing nonspecific (undesired) interactions.
Our experiments do not take into account binding of the nucleoprotein filament to nonspecific sites in the DNA. Although nonspecific binding might accelerate target location by facilitated diffusion [46] [47] [48] , at high concentrations of duplex DNA, such as those encountered in the nucleus, nonspecific binding of the filament may significantly lower the effective concentration of the single-stranded DNA nucleoprotein filament, and thus indirectly affect the overall kinetics. The increase in the rates of synaptic-complex formation at very low single-stranded DNA concentrations (see Table 1 ) suggests that the rate of finding a target may be accelerated under conditions likely to be encountered in the cell; that is, where the number of searching moieties is less than or equal to the number of targets (less than 100 nM in the yeast experiments [5] ) and the rate of complex formation is thus most sensitive to the target-site concentration.
In this last respect, it is important to bear in mind that, as in classic Michaelis-Menten kinetics, overall secondorder kinetics -that is, dependence on the concentrations of both searching moiety and target -does not imply that the homology search is rate-limiting. Thus, when the frequency of gene targeting depends on the number (or concentration) of target copies, as it does in yeast [5] , one cannot conclude that the search for homology is rate-limiting. The result implies that the concentration of the recombination machinery is not limiting -not a terribly surprising conclusion for yeast, where the absolute frequency of targeting seems to be high [49] . Conversely, although the frequency of gene targeting is independent of the concentration of targets in mammalian cells [6, 7] , this does not necessarily suggest that the rate-limiting step in these cells is not the homology search. In our formulation of the kinetics, it is just as likely that, given the low absolute frequency of targeting in mammalian cells [49] , the protein components of recombination, such as recombinase, are limiting. Under such protein-limiting conditions, the concentration of target would not be important. Again, our experiments show classic second-order dependence only when sufficient RecA is present to form the nucleoprotein filament, and under these conditions the rate-limiting step is not the search for homology.
The experiments reported here examine early steps in recombination involving searching and pairing, but do not address potentially rate-limiting steps that occur later in the complete recombination reaction, such as strand exchange or resolution. If the formation of stable paired complexes is limiting, and the mechanism used in other systems proves similar to that promoted by RecA protein, then the homology search itself is not rate-limiting, and maximal pairing occurs when the maximum amount of target and targeting sequence are used.
Conclusions
We have shown that the formation of stable synaptic complexes by RecA protein follows apparent secondorder reaction kinetics. The rate of complex formation is proportional to the concentrations of both the singlestranded oligonucleotide and the target sites within the duplex DNA. Heterologous duplex DNA has no effect on the reaction rate; that is, the rate of finding a homologous target is the same whether the target is part of a short duplex DNA oligonucleotide or is embedded in the human genome. Because in this last case there is a 10 9 -fold excess of nonspecific to specific sites, the scanning of nonspecific sites must be extremely fast and not rate-limiting. In most biological situations, the search for homology must be very fast compared to other processes, such as chromosome movements or the uptake of exogenous DNA. We propose a kinetic scheme to describe synaptic-complex formation in which the RecA-singlestranded DNA filament finds its target site and forms an intermediate in an initial fast reaction. Complex conformational changes are required for the formation of stable synaptic complexes, and we suggest that these changes comprise the rate-limiting step of the reaction. Finally, although the rates for synaptic-complex formation are slow relative to diffusion-limited reactions, these rates are fast enough to account for chromosomal pairing in many cell types.
Materials and methods
Enzymes DNA-modifying enzymes were from New England Biolabs unless otherwise stated. Standard molecular biological techniques were used unless otherwise indicated [50, 51] .
RecA protein was purified according to a procedure from S.C. Kowalcyzkowski (personal communication) with the following modifications: 50 g of E. coli cells strain AB1157/pBEU14 [52] were lysed, treated with DNase I, and the proteins were precipitated with ammonium sulfate followed by spermidine acetate. The spermidine acetate precipitate was resuspended in 100 ml of P buffer (20 mM potassium phosphate, pH 6.5; 10 % (v/v) glycerol; 0.1 mM dithiothreitol; 0.1 mM EDTA) containing 200 mM NaCl (Fraction III).
Fraction III was dialyzed against P buffer until its conductivity equaled that of P buffer, and was then loaded onto a 40 ml DEAE-Sepharose column (Pharmacia) equilibrated in P buffer. The column was washed with 5 volumes of P buffer containing 100 mM NaCl, and developed with a 600 ml linear gradient of P buffer containing 100-600 mM NaCl. RecAcontaining fractions were pooled (Fraction IV) and EDTA was added to 25 mM. Fraction IV was dialyzed against P buffer and loaded onto a 40 ml DNA-agarose (Pharmacia) column equilibrated in P buffer. The column was washed with 10 volumes of P buffer containing 50 mM NaCI; RecA protein was eluted by washing with I column volume of P buffer containing 50 mM NaCl and 1 mM ADP. RecA-containing fractions were pooled (Fraction V) and 0.1 volume of 1 M Tris-HCl (pH 8.0) was added.
RecA protein was precipitated by adding 0.3 g of ammonium sulfate per ml of protein solution. The ammonium sulfate precipitate was collected by centrifugation at 16 000 r.p.m. in a SS34 rotor (Sorvall), and pellets were resuspended in R buffer (20 mM Tris-HCI, pH 7.5; 10% (v/v) glycerol, 0.1 mM dithiothreitol and 0.1 mM EDTA) (Fraction VI). Fraction VI was dialyzed against R buffer and loaded onto a 1 ml MonoQ column (Pharmacia) equilibrated in R buffer without glycerol. The column was developed with a linear gradient of R buffer containing 0-1 M NaCl. RecA-containing fractions were pooled, dialyzed against R buffer containing 1 mM dithiothreitol, quick-frozen on dry ice and stored at -80 °C. RecA protein concentrations were determined assuming that a 1 mg ml-I solution has an absorbance at 280 nm of 0.59 [53] .
DNA substrates
Plasmid pUC19 was obtained from New England Biolabs and was purified using a Qiagen Plasmid Kit or through CsCl gradients. Plasmid pUCEC25 was constructed by blunt-end cloning a specific 140 bp E. coli DNA fragment into the pUC19 plasmid. The fragment was generated by the polymerase chain reaction using the following primers: 5'-GGG GCC CCA TCC TGC TGT TGT CGA AGA A-3' and 5'-GGG GCC CCA GCA TGC CGC TTT TCT GGA T-3'.
Single-stranded oligonucleotides were synthesized using an Applied Biosystems synthesizer. The concentrations of gelpurified oligonucleotides were determined assuming that 1 optical density unit at 260 nm = 33 plg nucleotide per ml. Sequences of the oligonucleotides were (with the restriction endonuclease site they span underlined): h24, 5'-AGT GAA TTC GAG CTC GGT ACC CGG-3'; EC#25, 5'-AGT CAT CGT CAG GCG GAA TTC ACG AGG GGA GAA-3'; r24, 5'-GGG GCC CAT GGC TCG AGC TTA AGT-3'; n27, 5'-GAA TTC GTA CCA ATC GCA CGG GAA TTC-3'; jy27, 5'-CCA ATC GTA GAA TTC GCA CGG GTT AAC-3'.
NDS and NDJY substrates were generated by annealing gelpurified complementary oligonucleotides of the following sequences: NDS, 5'-GAT ATA GCG GCC GCA GAA TTC GTA CCA ATC GCA CGG GAA TTC CTC GAG AGT AGA CAG-3'; NDJY, 5'-GAT ATA GCG GCC GCA CCA ATC GTA GAA TTC GCA CGG GTT AAC CTC GAG AGT AGA CAG-3'. NDS and NDJY were labeled at their 5'-ends using T4 polynucleotide kinase and [y 32 P]ATP. All DNA concentrations are given as moles of molecules unless otherwise indicated.
Synaptic complex assay
Reaction mixtures were essentially as previously described ( Fig.  1; [20] ) and contained the indicated concentrations of duplex DNA, a homologous single-stranded DNA oligonucleotide, and a nonhomologous single-stranded oligonucleotide to bring the final single-stranded DNA concentration to 38 nM, and 0.85 pM RecA protein. Reactions were assembled on ice and initiated by placing the reaction at 37 C. At the indicated time points, 40 units of EcoRI restriction endonuclease were added and the incubation was continued for 8 min. The reactions (25 1) were stopped by the addition of 10 p1 stop mix (35 mM EDTA; 3.5 % SDS (w/v); 38 % glycerol (v/v); 0.05 % (w/v) bromophenol blue and xylene cyanol).
Reactions containing plasmid and genomic DNA as duplex were electrophoresed at 0.6 V cm -1 in 1 % agarose gels in 40 mM Tris-acetate (pH 8.0), 1 mM EDTA and 1 Lg ml-1 ethidium bromide for 14-18 h at room temperature. Formation of synaptic complexes in the plasmid experiments was quantitated by densitometric scanning (Molecular Dynamics) of Polaroid 665 negatives. The amount of supercoiled DNA present at each time point was quantitated as a percentage of the total amount of supercoiled DNA in each reaction in the absence of restriction endonuclease. Genomic DNA and lowconcentration plasmid experiments were quantitated by phosphorimage analysis (Molecular Dynamics or Fuji) of Southern blots. Similar results were obtained when the amount of synaptic complex was determined from the percentage of label in the protected band as a function of either the total amount of label in each lane or of the amount of the protected band in reactions carried out in the absence of restriction endonuclease. Radiolabeled probes were made using a random-primed DNA-labeling kit (United States Biochemical) with linear pUC19 or a 658 bp E. coli fragment made by the polymerase chain reaction (Perkin Elmer) using oligonucleotide EC#25 as one primer and 5'-TAA TAT CGG AAT TCT CTG CTG TTA AGG TTT-3' as the other. Reactions using NDS or NDJY as duplex were electrophoresed at 125 V in 4-20 % acrylamide gels (Novex) in 90 mM Tris-borate and 2 mM EDTA for 90 min, and analyzed by phosphorimage analysis. The amount of synaptic complex formed was the amount of signal protected from restriction endonuclease cleavage as a percentage of the total signal in each lane.
In all experiments, the amount of supercoiled DNA in lanes without homologous single-stranded oligonucleotide was subtracted from each value as background (usually < 10 %). Each experiment was repeated at least three times. Initial reaction rates from each experiment were calculated from slopes of the linear range of the time courses for synaptic-complex formation, and the values were averaged.
